Submitted to Physical Review B 



LA-UR-98-3265 p. 1 



Muon Spin Relaxation and Nonmagnetic Kondo State in PrInAg 2 

D. E. MacLaughlin 
MS K764, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 
Department of Physics, University of California, Riverside, California 92521-0413 

R. H. Heffner 

MS K764, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

G. J. Nieuwenhuys 
Kameriingh Onnes Laboratorium, Leiden University, 
2500 RA Leiden, The Netherlands 

P. C. Canfield 

Ames Laboratory and Department of Physics and Astronomy 
Iowa State University, Ames, Iowa 50011 

A. Amato, C. Baines 
Paul Scherrer Institute, CH-5232 Villigen, Switzerland 

A. Schenck 

Institut fur Teilchenphysik, Eidgendssiche Technische Hochschule- Zurich, 
CH-5232 Villigen, Switzerland 

G. M. Luke, Y. Fudamoto, Y. J. Uemura 
Department of Physics, Columbia University, New York, New York 10027 

(September 16, 1998) 

Muon spin relaxation experiments have been carried out in the Kondo compound PrInAg2. The 
zero-field muon relaxation rate is found to be independent of temperature between 0.1 and 10 K, 
which rules out a magnetic origin (spin freezing or a conventional Kondo effect) for the previously- 
observed specific heat anomaly at ~0.5 K. The low-temperature muon relaxation is quantitatively 
consistent with nuclear magnetism including hyperfine enhancement of the 141 Pr nuclear moment. 
This is strong evidence against a Pr 3+ electronic magnetic moment, and for the crystalline- 
electric-field-split ground state required for a nonmagnetic route to heavy-electron behavior. The 
data imply the existence of an exchange interaction between neighboring Pr 3+ ions of the order of 0.2 
K in temperature units, which should be taken into account in a complete theory of a nonmagnetic 
Kondo effect in PrInAg2. 

PACS numbers : 71.27.+a, 72.15.Qm, 76.75.+i, 75.30.Mb 



I. INTRODUCTION 

In a seminal paper, Yatskar et reported evi- 
dence for unconventional heavy-fermion behavior in the 
praseodymium-based intermetallic PrInAg2. This com- 
pound is one of only a handful of Pr-based materials 
which exhibit heavy-fermion or Kondo-like properties. 
Specific heat, magnetic susceptibility, and neutron scat- 
tering experimentsB indicate a non-Kramers doublet (T3) 
ground state due to crystalline-electric-field (CEF) split- 
ting of the Pr 3+ 1 H4 term. The T3 state is nonmagnetic, 
i.e., there are no matrix elements of the magnetic moment 
operator within its doubly degenerate manifold. A non- 
magnetic ground state would make the heavy-fermion- 
like specific heat anomaly found below 1 K and the enor- 
mous low-temperature Sommerfeld specific heat coeffi- 



cient y(T) w 6.5 J mole -1 K -2 quite unexpected, and 
suggests that PrInAg2 may be a system in which an 
unusual jaonmagnetic path to heavy-fermion behavior is 
realized.!!! But such a scenario depends crucially on the 
nonmagnetic nature of the ground state. 

This paper reports two results of muon-spin-relaxation 
(/iSR) experiments 'm PrInAg'2 which support the conclu- 
sion of Yatskar et alB that the Kondo effect in PrInAg2 is 
nonmagnetic in origin. First, we observe no temperature 
dependence of the muon relaxation rate at low temper- 
atures, contrary to what would be expected if the spe- 
cific heat anomaly involved magnetic degrees of freedom. 
Second, the muon relaxation behavior indicates that the 
CEF ground state in PrInAg2 is in fact nonmagnetic, 
since the low-temperature muon relaxation can only be 
understood in terms of strong hyperfine enhancement of 



the 141 Pr nuclear magnetism. Hyperfine enhancement is 
an effect of the hyperfine coupling between the nucleus 
and the Van Vleck susceptibility of / electrons, of a non- 
Kramers / ion in a nonmagnetic ground stateJ3 and onlw 
occurs when the Pr 3+ CEF ground state is nonmagnetic.cl 
It has been used to attain very low temperatures by nu- 
clear demagnetization of singlet-ground-state Pr-based 
intermetallicsJj 

Both of our results confirm the unusual nonmagnetic 
correlated-electron behavior of PrInAg2, using for the 
first time a microscopic probe of the electronic structure. 
We argue below that /z + relaxation is dominated by dipo- 
lar coupling to nearby 115 In and 141 Pr nuclear magnetic 
moments (Ag nuclear moments are negligible in compar- 
ison); the Pr 3+ wave function enters only in the hyper- 
fine enhancement of the 141 Pr nuclear magnetism. The 
fact that no direct Pr 3+ /-ion magnetism is observed in 
PrInAg2 is strong evidence for a nonmagnetic Pr 3+ CEF 
ground state, and the fact that the specific heat anomaly 
of Yatskar et al. corresponds to a molar entropy of R In 2 
indicates that this ground state is a T3 doublet. 

The remainder of this introduction contains three brief 
pedagogical sections: a description of the theo retical ba- 
sis for a nonmagnetic Kondo effect (Sect. I A), an intro- 
duction to the ele ment s of the /^SR technique used in 
this study (Section IB), and a review o f th e important 
aspects of hyperfine enhancement (Sect. IC). In Sect. |l| 
we describe our experimental results in PrInAg2, which 
include the temperature dependence of the zero-field /iSR 
relaxation and the longitudinal field dependence of the re- 
laxation at low temperatures. The implications of these 
results for the nature of the low-temperature state of 
PrInAg2 are discussed in Sect. [II, where it is concluded 
that (a) the observed ^SR behavior is due to nuclear 
magnetism rather than a magnetic Pr 3+ ground state, 
i.e., the ground state is nonmagnetic; and (b) the effect 
of the muon electric charge on its environment does not 
invalidate the analysis which leads to this conclusion. We 



summarize our results in Sect. [V 



A. Nonmagnetic Kondo effect 

The only nonmagnetic mechanism for Kondo behav- 
ior proposed to date is the two-channel quadrupolar 
Kondo effect (QKE) of Cox.H In this picture, which was 
developed to explain the unexpected lack of field de- 
pendence of heavy-fermion properties in uranium-based 
compounds, correlated-electron behavior occurs when a 
non-Kramers / ion such as Pr 3+ possesses a nonmag- 
netic multiplet ground state. The fluctuating electric 
quadrupole moment of the ground state scatters conduc- 
tion electrons, analogous to spin-fluctuation scattering 
in the usual Kondo effect. An important difference be- 
tween the two effects is that in the QKE there are two 
conduction-electron channels (spin-up and spin-down); 
since spin plays no role in the nonmagnetic scattering, the 



spin directions serve only as labels. The QKE,is therefore 
one of a class of multi-channel Kondo effectsBtj for which 
the low-temperature behavior is that of a "non- Fermi liq- 
uid" with unusual properties, e.g., logarithmic divergence 
of 7(T) and nonzero residual entropy S(T—0) — lRln.2. 

In its original form the theory of the QKE consid- 
ers isolated impurities only, and to our knowledge no 
treatment of a lattice of nonmagnetic QKE / ions has 
appeared. In particular, it is apparently not known 
whether the non-Fermi-liquid behavior of the impu- 
rity pxoblem survives in the lattice. Although Yatskar 
et ala observed an uncharacteristic temperature de- 
pendence of the low-temperature electrical resistivity 
in PrInAg2, they found a substantially temperature- 
independent j(T) below ~0.2 K and no evidence for 
residual entropy. Thus it is unclear whether or not 
PrInAg2 is a Fermi liquid. 



B. Zero- and low-field muon spin relaxation 

/iSR is a sensitive local probe of static and dynamic 
magnetism in solidsJj Spin-polarized positive muons 
(/i + ) are implanted into the sample, and the subsequent 
decay of the /i + spin polarization is monitored in time by 
measuring the asymmetry in the numbers of muon decay 
positrons emitted parallel and antiparallel to the /i + spin 
direction. The resulting relaxation function G(t) is anal- 
ogous to the free induction signal in a pulsed nuclear 
magnetic resonance (NMR) experiment. It is straight- 
forward to carry out fiSH experiments in zero or weak 
applied magnetic fields, which is not the case for NMR. 

The shape and duration of G(t) is controlled by the lo- 
cal magnetic fields at the \x + sites due to their magnetic 
environments. There are two kinds of effects. Relax- 
ation by static local fields reflects a spatial distribution 
of fi + Larmor precession frequencies and hence of the lo- 
cal fields. The decay of G(t) is then due to loss of phase 
coherence between precessing /i + spins, and the relax- 
ation time is of the order of the inverse of the spread 
in Larmor frequencies. If the /i + local field distribution 
is due to randomly-oriented neighboring magnetic dipole 
moments (nuclear or electronic), the Central Limit Theo- 
rem suggests a Gaussian field distribution if more than a 
few moments contribute, in which case G(t) is also Gaus- 
sian. Fields due to randomly-oriented nuclear dipolar 
moments, which usually do not reorient on the time scale 
of ^iSR experiments,E3 often give rise to static relaxation. 
/iSR is also a very good test for static magnetism, with 
or without long-range order, with a sensitivity ^10 -3 /ib, 
since dipolar fields from such small moments produce ob- 
servable static relaxation. Dynamic (fluctuating) fi + lo- 
cal fields lead to spin-lattice relaxation, as in NMR, which 
is a measure of the spectral density of the fluctuations at 
low frequencies. For dynamic relaxation G(t) is often but 
not always exponential. 

Static and dynamic relaxation mechanisms can be dis- 
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tinguished by /iSR experiments in a longitudinal field 
(i.e., a field parallel to the /x + spin direction) much larger 
in magnitude than a typical local field Hi oc . This pro- 
duces a resultant field + Hi oc essentially in the direc- 
tion of the applied field and hence of the /i + spin. Then 
the muons do not precess substantially, and if Hi oc is 
static their spin polarization is maintained indefinitely. 
This procedure is known as "decoupling" of the /x + spin 
from the static local fields. If on the other hand the re- 
laxation is dynamic, then it is usually much less affected 
by the relatively weak applied field (typically Hl ^100 
Oe). The expected field for decoupling is a few times the 
spread AH\ oc in local fields, which can be estimated self- 
consistently by assuming that the relaxation is static. In 
this case the observed relaxation rate gives the spread a 
of [i + precession frequencies, so that 



(1) 



where 7^ is the fi + gyromagnetic ratio. 

Zero-field and low-field [iSR (ZF- and LF-^tSR) relax- 
ation dataware often analyzed using the Kubo-Toyabe (K- 
T) models in which the shape of the relaxation func- 
tion and its rate of decay are functions of the parameters 
which characterize the local field distribution and dynam- 
ics (i.e., a and the fluctuation rate v of the local field), 
and also the conditions of measurement (i.e., the value 
of the applied field and its orientation relative to the /z + 
spin direction). 



C. Hyperfine-enhanced nuclear magnetism 

The best-known hyperfine-enhancement effect is the 
enhancement of the applied field at the nuclear site by a 
factor l + K (Ref. §), with 



K 



«hf Xvv ■ 



(2) 



Here ahf is the / atomic hyperfine coupling constant, 
expressed in units of mole emu -1 , and xvv is the (molar) 
Van Vleck susceptibility of the / ions. The factor K 
is the usual paramagnetic NMR frequency shift (Knight 
shift in metals), due in this case to xvv- The latter is 
given approximately by 



C 



Xvv 



(A C ef/£:b) ' 



(3) 



where C is the /-ion Curie constant and Acef is the exci- 
tation energy of the lowest CEF magnetic excited state. 
For typical Pr 3+ splittings A CE f = 10-100 K, so that 
Xvv = 0.01-0.1 emumole- 1 . With a hf (Pr 3+ ) = 187.7 
mole emu -1 (Ref. |T^ ), one finds K = 2-20. These consid- 
erable field increases are exploited in hyperfine-enhanced 
nuclear cooling J13 

Other effects of hyperfine enhancement include the 
following 



• The / electrons are polarized by the nuclear mag- 
netic dipole moment via a Van Vleck-like re- 
sponse, leading to an enhanced effective nuclear 
moment /iiu° h ' = (1 + if )/inuc r< ^ • The nuclear mo- 
ment itself is of course unchanged; the term "hy- 
perfine enhancement" , used here in much the same 
sense as "many-body enhancement of the electron 
mass" in heavy-fermion systems, refers to the inter- 
action of the effective (nuclear + /-electron) mo- 
ment with its magnetic environment. 

• The electronic exchange coupling between neigh- 
boring / ions mediates an indirect exchange inter- 
action between nuclear spins, with exchange con- 
stant J7nuc 

given by 



Jnuc = ( ^" UC ) K 2 J C \ ; 
\9.jVbJ 



(4) 



here 7 nU c is the nuclear gyromagnetic moment and 
J c \ is the electronic exchange constant. 



As Bleaneyta puts it, ". . . we are dealing with nuclear 
lambs in electronic wolves' clothing." 

Hyperfine enhancement phenomena were first observed 
in singlet ground-state /-ion compounds, but are also 
expected for / ions with nonmagnetic multiplet ground 
states. Such effects do not occur at temperatures > 
Acef/^b (Ref. H) or if the ground state of the / ion is 
magnetic. In both of these circumstances the /-electron 
polarization induced by the nucleus is lost in the much 
larger electronic magnetic moment of the / ion, and 
hyperfine-enhancement phenomena are obliterated. 



II. EXPERIMENTAL RESULTS 

The sample of PrInAg'2 was prepared as described 
previously!!! /iSR experiments were carried out at the 
7rM3 beam line of the Paul Scherrer Institute (PSI), Vil- 
ligen, Switzerland, using the General Purpose Spectrom- 
eter (GPS) and Low Temperature Facility (LTF), and 
at the M20 beam line at TRIUMF, Vancouver, Canada. 
ZF-/xSR data were obtained over the temperature range 
0.1-100 K, and the dependence of the relaxation function 
on longitudinal field was studied at a temperature of 0.7 
K. We describe these results below, and discuss their 
implications in Sect. III. 



A. ZF muon relaxation between 0.1 K and 100 K 

As a preliminary characterization of the ZF relaxation 
function we fit the relaxation data to a "power exponen- 
tial" function 



G(t) = exp [-{At) 13 ] 
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where A is a generalized relaxation rate and the expo- 
nent P interpolates between exponential (/3 = 1) and 
Gaussian (/? = 2) limits. This fit function and parame- 
ters give a rough indication of the beha vior of the relax- 
ation, i.e., whether as discussed in Sect. IB it is dynamic 
(exponential), static (Gaussian), or an intermediate case. 

The temperature dependence of A and /3 is given in 
Fig. |l|. Both parameters are essentially independent of 
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FIG. 1. Temperature dependence of zero- field /x re- 
laxation rate A (circles) and exponent /3 (triangles) 
in PrInAg2 from fits of a "power exponential" func- 
tion G(t) = exp[— (At) 13 ] to ZF-/iSR relaxation data. 
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FIG. 2. Dependence of fi + relaxation function G(t) on lon- 
gitudinal applied field Hl in PrInAg2, T = 0.7 K. The relax- 
ation in 100 Oe (triangles) is much faster than expected if the 
zero-field relaxation (circles) were due to a static distribution 
of local fields. Curves: fits to dynamic K-T model (Refs. |ll| 
and |TJ) for Hl = (solid curve) and Hl = 100 Oe (dashed 
curve) . 



Hl = 100 Oe it remains appreciable (~0.07 /is -1 ). This 
strongly suggests that dynamic relaxation is involved. 
The curves in Fig. || are fit s to t he dynamic K-T model 
as described below in Sect. HIB. 



temperature from 0.1 K to ~10 K. At low tempera- 
tures A w 0.8 /is -1 ; we shall see that this is much larger 
than expected from 115 In and "bare" 141 Pr nuclear dipole 
fields. The low-temperature value j3 m 1.2 indicates that 
the relaxation is nearly but not quite exponential. 

Above 10 K both A and (3 vary with temperature. A 
decrease of A to 0.18 ± 0.02 /zs _1 occurs between ~10 
K and ^50 K, and above 50 K (3 increases to <2 at 80 
K. This suggests a crossover to static relaxation at high 
temperatures. Although LF decoupling experiments have 
not been carried out above 0.7 K, the Gaussian shape 
and slow rate of the high-temperature muon relaxation 
function are consistent with nuclear dipolar relaxation in 
the static limit. 



III. DISCUSSION 

In this section we first consider the implications of the 
temperature-independent ZF relaxation between 0.1 K 
and 10 K, using the rough "power exponential" analy- 
sis of Sect. [I A and the data of Fig. pi We then carry 
out a K-T analysis of the data of Fig. g and obtain the 
rms width and fluctuation rate of the local field at 0.7 K. 
Finally, we show that (a) the rms widths at 0.7 K and 
100 K are quantitatively explained by nuclear magnetism 
(including 141 Pr hyperfine enhancement at low temper- 
atures) alone, so that no Pr 3+ electronic magnetic mo- 
ment need be invoked, and (b) the 141 Pr fluctuation rate 
at 0.7 K is consistent with the indirect nuclear exchange 
mechanism described above in Sect. 



B. ZF and LF muon relaxation at 0.7 K 

Figure |^ shows the experimental /i + relaxation func- 
tions G(t) for T = 0.7 K in zero field and in a longitudinal 
applied field Hl — 100 Oe. If the relaxation were due to 
a distribution of static /i + local fields, the observed ZF 
relaxation rate leads to an estimate of ~10 Oe for the 
spread of these local fields. Then a longitudinal field of 
100 Oe should completely decouple the local fields and 
there should be no relaxation. But it can be seen from 
Fig. [2] that although the relaxation rate is reduced for 



A. Zero-field muon relaxation rate at low 
temperatures 

The data of Fig. p] put an upper bound of ~0.05 /is" 1 
on any change of A between 0.1 K and 10 K. This result 
has important implications for the two possible expla- 
nations of the low-temperature anomalies of Yatskar et 
al.u which involve hypothetical Pr 3+ magnetic moments: 
(a) weak-moment static magnetism, and (b) "conven- 
tional" Kondo spin fluctuations. 
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a. Weak-moment static m agneti sm due to spin freez 



ing. We show below in Sect. |III C| that in the absence of 
hyperfine-enhancement effects the (quasistatic) nuclear 
contribution to the ZF muon relaxation rate is consid- 
erably less than 0.8 /is^ 1 . Thus the persistence of such 
rapid relaxation to 10 K and above is already an indi- 
cation that its cause is not related to the onset of static 
magnetism below 0.5-1 K, which would be required to 
explain the specific heat anomaly by such spin freezing. 
We nevertheless take the observed relaxation rate A(T) to 
be due to a temperature-independent component A and 
static relaxation and a temperature-dependent compo- 
nent A(T) due to the spin freezing; the latter presumably 
exhibits an anomaly in the neighborhood of the freezing 
temperature. Assuming conservatively that these com- 
ponents add in quadrature we have 



nl/2 



With A 
obtain 



A(T) = [A 2 + X(T)\ 
0.8 /is" 1 and A(T) - A < 0.05 /xs" 



we 



A(T) < 0.29 /is' 1 . 



which yields an upper bound on the frozen Pr 3+ magnetic 
moment of order 



3 x 10"Vs 



Static magnetism is therefore ruled out at this level. If Ao 
and A(T) were assumed to add linearly the upper limit on 
A(T) would be much smaller: A(T) < 0.05 /us" 1 . Thus 
Pr 3+ spin freezing fails to account for our results, and 
in addition leaves unexplained the fast and temperature- 
independent /i + relaxation above ~1 K. 

b. Conventional (spin) Kondo physics. For temper- 
atures < Tk a Kondo spin fluctuates at a rate v w 
k B T K /h, which is ~10 n s" 1 for Tk ~ 1 K. In the neigh- 
borhood of Tk the fi + relaxation rate T^ 1 is a maximum 
given by 



2a 2 /v, 



where a is the spread of ji + frequencies due to Pr 3+ dipolc 
moments. We estimate a using Eq. ([[]), with the val- 
ue Aifi oc = 1.10 kOe/fiB calculated via a lattice sum 
over Pr sites assuming uncorrelated Pr-moment fluctua- 
tions. This gives 

(Tf x ) max pb 0.2 ^s- 1 

for a Pr 3+ moment of the order of 1 /i_B-0 We expect 
this rate for T > Tk, with a crossover to a Korringa law 



(Tr 1 ), 



Tk) 



(5) 



(i.e., a considerable decrease of T^ 1 ) for T < Tk- 

As discussed above in connection with the possibility 
of static magnetism, a change of this order of magnitude 



is in fact not seen: the observed rate A « 0.8 fis 1 is 
constant down to ~0.1 K (Fig. |l|), whereas from Eq. (0) 
and Tk ~ 1 K (Ref. @) one expects a decrease of T x 
at 0.1 K to ~10% of its value at 1 K. It might be ar- 
gued that the Korringa rate is masked by a temperature- 
independent rate Ao, as in the above discussion of spin 
freezing, in which case the minimum observable change 
of 0.29 /is -1 derived above would apply and a Korringa- 
like change of ^0.2 /is -1 could not be ruled out by the 
data. But in the "conventional Kondo" scenario, as in 
the spin-freezing picture, there is no mechanism for a 
temperature-independent rate as large as Ao. We there- 
fore conclude that the experimental results are not con- 
sistent with conventional Kondo behavior. 



B. ZF and LF muon relaxation at 0.7 K 

We compare the relaxation functions at T = 0.7 K 
(Fig. ||) with the K-T modeiiji the "strong-collision" ap- 
proximation of Hayano et a/Ej This approximation takes 
the fluctuation to be of the form of uncorrelated sud- 
den jumps of the local field. We make it as a matter of 
convenience, since it is easier to treat numerically than 
the Gaussian-Markovian process originally described by 
Kubo and ToyabetU and the quantitative differences are 
small. 

The model assumes that the /i + local field Hi oc is dis- 
tributed in magnitude and direction, with each Cartesian 
component distributed around zero with rms value 
and that Hi oc fluctuates randomly in time with fluctua- 
tion rate v. In the following we refer to a as the static 
relaxation rate. In zero field a crossover occurs with in- 
creasing fluctuation rate from the "quasistatic" regime 
(y <C tr) to the "motionally- narrowed" regime (v ^> a). 
For v > a the main dependence of the ZF relaxation 
function is on the combination a 2 jv\ the dependence on 
a and v separately is weaker (and vanishes in the extreme 
narrowing limit v ^> a). Thus the ZF data alone do 
not suffice to determine both parameters, and the added 
constraint provided by the applied field is essential. This 
circumstance also prohibits a meaningful comparison of 
the ZF muon relaxation at other temperatures with the 
K-T model. 

The best agreement with both ZF and LF relaxation 
data, given by the curves in Fig. |^, is obtained for a = 
1.15 ± 0.05 (J&- 1 , v = 2.2 ± 0.1 /is- 1 . The relaxation is 
therefore in the regime of moderate motional narrowing. 



C. Nuclear magnetism and muon relaxation 



In this section we argue that the results of Sect. Ill B . 
together with the temperature dependence of the ZF re- 
laxation rate A(T) (Fig. |l|), can be understood by as- 
suming that nuclear magnetism is the principal source of 
the fi + local field Hi oc , and that furthermore the 141 Pr 



5 



nuclear magnetism is hyperfine enhanced at low temper- 
atures. In other words there is no sign of a Pr 3+ elec- 
tronic magnetic moment, consistent with the hypothesis 
of a nonmagnetic CEF ground state. 

The decrease of A(T) above ~10 K is qualitatively con- 
sistent with the onset of Pr nuclear spin-lattice relax- 
ation by thermally-populated magnetic Pr 3+ CEF ex- 
cited states; the corresponding increase of v motionally 
narrows the muon relaxation. At sufficiently high tem- 
peratures (above 50 K, cf. Fig. |l|) the exponent /? tends 
to the value (3 — 2 characteristic of a Gaussian distribu- 
tion of static fields. There are two possible explanations 
of this behavior. Either the 141 Pr relaxation remains so 
rapid that it is motionally narrowed and only the 115 In 
nuclei contribute to the (quasistatic) muon local field, or 
the Pr 3+ fluctuations become fast enough so that their 
contribution to the 141 Pr relaxation itself becomes mo- 
tionally narrowed and negligible. Then the 141 Pr nuclei 
relax slowly under the influence of (uncnhanccd) nuclear 
dipolar fields. In either case the fi + relaxation is describ- 
able by the K-T model in the quasistatic limit, and one 
would observe essentially static nuclear dipolar fields at 
the muon sites. We shall see that the accuracy of our ex- 
periments does not allow us to distinguish between these 
two possibilities. 

[It should be noted that the absence of muon relax- 
ation by fluctating fields due directly to Pr 3+ CEF ex- 
citations at high temperatures is not surprising. These 
fluctuations would be expected to be rapid, at least of 
the order of AcefM, in which case arguments similar to 
those of Sect. Ill A show that the muon relaxation rate 
is unobservably small (< 0.004 ^s -1 ).] 

The above picture can be put on a more quantitative 
footing by comparing the data with the expected relax- 
ation behavior at low and high temperatures, i.e., with 
and without hyperfine enhancement, respectively. We 
start by calculating the expected relaxation at high tem- 
peratures, where according to the above picture the nu- 
clear contributions to the /i + relaxation can be calculated 
using the usual Van Vleck method of moments. Then one 
has static dipolar broadening from 115 In nuclei, together 
with a contribution from (unenhanced) 141 Pr nuclei if 
this contribution is not motionally narrowed. 

The /i + electric charge produces an electric field gra- 
dient at the 141 Pr (I = 5/2) and 115 In (I = 9/2) sites. 
This produces a quadrupole splitting for both nuclides, 
which are not split in the unperturbed crystal because 
both sites possess cubic point symmetry. The quadrupole 
splitting in turn modifies the secular terms in the dipolar 
interaction, which must be taken into account in calcu- 
lating the fi + relaxation in zero field.ESEII The /i + stop- 
ping site is unknown in PrInAg2. Calculated values of 
a for several candidate /i + sites are shown in Table |, 
which gives individual contributions 141 ctzf and 115 <7zf 
from 141 Pr and 115 In nuclei, respectively, together with 



the total rate er Z p 



1 /2 

<7§ F ) . Best agree- 



Site 


Coordinates 


141 „ 
<^ZF 


115 a ZF 


tot 


(Wyckoff notation) 




(ps- 1 ) 


(ps- 1 ) 


(MS" 1 ) 


d 


(U,o) 


0.1329 


0.1667 


0.2132 


e 


(i,o,o) 


0.2570 


0.3227 


0.4125 


/ 


\8 ' 8 > 8/ 


0.3906 


0.1286 


0.4113 


Observed 








0.18 ±0.02 



TABLE I. Calculated powder-average ZF-/iSR static 
Gaussian relaxation rates ctzf f° r candidate sites in 
PrInAg2, assuming quadrupole splitting by the (i + elec- 
tric field gradient (Refs. [15j and h7J). Individual contribu- 
tions 141 <tzf and 115 uzF from 141 Pr and 115 In nuclei, respec- 
tively, are shown, together with the total rate &zf- The ob- 
served high-temperature rate is given for comparison. 



0.18 ± 0.02 ^s^ 1 is found for the (±, ±, 0) d site (Wyckoff 
notation) with or without an (unenhanced) 1 Pr contri- 
bution tO CT Z p . 

The muon may distort the lattice locally, thereby mod- 
ifying the near-neighbor dipolar interactions primarily 
responsible for the relaxation. These dipolar interac- 
tions vary as the cube of the near-neighbor distances, 
the change of which can therefore be estimated from a 
comparison of calculated and measured /i + static relax- 
ation rates. This calculation yields a local dilatation of 
5 ± 4%, assuming the muon occupies the d site and that 
the 141 Pr contribution is present. This is comparable 
to the values 2-5% found inpGppper under similar cir- 
cumstances by Camani et al&3 and Luke et aL,li3 but 
the high-temperature data are equally consistent with 
no 141 Pr contribution and/or little if any dilatation. 

At 0.7 K the 141 Pr contribution to the fi + static re- 
laxation rate will be increased by the factor 1 + K if the 
i4ip r djpoig moment is hyperfine enhanced (Sect. [I C] ). 
Using dhf = 187.7 mole emu -1 (Ref. |l2|) and the extrapo- 
lated low-temperature value of the Van Vleck susceptibil- 
ity Xvv ~ 0.04 emu mole -1 (Ref. |l|), we obtain K w 7.5 
from Eq. (j^) , in agreement with the value obtained from 
the nuclear Schottky anomaly in the low-temperature 
specific heat.cJ This gives an expected low-temperature 
rate 
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141. 
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{l + K) 



115, 



'ZF 



1/2 



= 1.1419 /is" 1 



'ZF 



for the d site, in excellent agreement with the observed 
low-temperature value of 1.15 ±0.05 /xs _1 quoted above. 

We now turn to the observed value v — 2.2 /is -1 of the 
low-temperature fluctuation rate (Sect, [ill B ). The mag- 
nitude and temperature independence of this rate below 
10 K lead us to interpret it as due to the like-spin cou- 
pling between (hyperfine-enhanced) 141 Pr nuclea£_.mo- 
ments. Using the Van Vleck method of momentsj£il the 
calculated 141 Pr zero-field rms relaxation rate (neglect- 



ment with the observed high-temperature static rate of ing quadrupolar splitting) is ozf = 0.7490 [is . This 



G 



is smaller by a factor of ~3 than the observed fluctuation 
rate. 

We first attempt to resolve this discrepancy by noting 
that the electric field gradient due to the /i + charge will 
induce quadrupole splitting of the neighboring 141 Pr nu- 
clei. The effect of this splitting on the muon dynamics 
has been taken into account, but it also has an effect on 
the 141 Pr relaxation. In the presence of such quadrupole 
splitting the like-spin zero-field linewidth has only been 
calculated for / = 1 and 3/2 (Ref. ^l]), where it is found 
that (Jzf is increased by factors of 1.19 and 1.26 respec- 
tively. These are not enough to explain the shortfall. 
It is likely that the corresponding factor for / = 5/2 is 
larger than 1.26, but the trend does not seem to allow 
explanation of a factor of 3 by this mechanism. 

We next consider the indirect excha nge interaction be- 
tween 141 Pr nuclei described in Sect. j_C, which is me- 
diated by the electronic exchange between neighboring 
Pr 3+ ions. We take the observed fluctuation rate v as 
a measure of the nuclear exchange constant J U uc/fo, and 
use K = 7.5 and Eq. (Q) to obtain the estimate 

J cl /k B » 0.19 K 

for the electronic exchange constant J c \. This val- 
ue is reasonable when compared with results in 
other nonmagnetic-ground-state Pr-based compounds; 
J cl /k B = 0.61 K in PrP (Ref. ||) and 0.39 K in PrNi 5 .B 
In PrInAg2 J c \ is comparable to the Kondo energy scale 
of 0.5-1 K, and should therefore be taken into account 
in the theory of the nonmagnetic Kondo effect in this 
system. 



D. Effect of muon charge on Pr 3+ ions 

In addition to contributing an electric field gradient at 
near-neighbor nuclear sites, the /i + charge produces an 
electric field which perturbs the CEF splitting of Pr 3+ 
near neighbors. The symmetry of these Pr 3+ sites is 
lowered and some degeneracies, including that of the 
Y% ground-state doublet, are lifted. The corresponding 
modification of the Van Vleck susceptibility has been ob- 
served by transverse-fieldr-«SR (TF-/iSR) in a number 
of Pr-based mtermetallicsEj'Ea The ground state singlet 
is, however, still nonmagnetic, and Van Vleck paramag- 
netism and the corresponding nuclear hyperfine enhance- 
ment will remain features of the perturbed system. 

If the Pr 3+ ground state were magnetic (T4, T$), no 
qualitative effect of the /i + charge would expected ex- 
cept under extreme conditions. If it were argued that 
in PrInAg2 the /i + electric field splits a magnetic Pr 3+ 
ground state so that the perturbed ground state is non- 
magnetic, then this perturbation must split the degener- 
acy by an amount of the order of the unperturbed exci- 
tation energy (Acef/^b ~ 60 K) to explain the absence 
of temperature dependence of the ZF relaxation rate be- 
low 10 K (Fig. Q). This would be an improbable coinci- 
dence, and furthermore the perturbation would have to 



be considerably larger than observed previously (see the 
following section). 



E. Comparison with /xSR and NMR in other 
Pr-based compounds 

We review some earlier results in nonmagnetic ground 
state Pr-based compounds for comparison with the 
present work. 

c. PrNi$. The ground state in this compound is a 
Tip-singlet, and the smallest GEE, splitting is ~fcex23 
K.E^I ZF- and TF-/iSR studiesE-iE3 suggest considerable 
perturbation of the Pr 3+ CEF levels by the /i + electric 
field, since the TF-^iSR frequency shift does not track 
the bulk susceptibility. A reduction of the CEF splitting 
by ~fcsxl0 K (i.e., ~100%) is needed to account for the 
modified susceptibility. 1— in 

141 Pr NMR has also been reported in PrNi 5 S@ Es- 
timates of the hyperfine enhancement parameters J e \ w 
0.02 eV and K w 12 have been obtained from the data. 
We use these to calculate J^ac/h ~ 5.5 x 10 6 s _1 from 
Eq. (^J) , which is roughly consistent with an independent 
estimate of the "zero-field splitting" <10 6 s _1 from the 
low-temperature NMR data. 

d. Prln^. In this singlet-ground-state compound 
the Pr 3+ ions have considerably larger CEF splittings 
(Acef An = 101 K; cf. Ref. [|f than in PrNi 5 . As in 
the latter compound the TF-/iSR frequency shift does 
not track the bulk susceptibilityEilS but the discrepancy 
is much smaller in Prln.3. The change in Acef/^b was 
found to be of the same order of magnitude (~10 K) as 
in PrNis, so that the smaller effect on the susceptibil- 
ity is related to the inverse relation between Acef and 
Xvv [Eq. (g|)]: a given absolute change of Acef has a 
smaller effect on xvv when Acef is large. Neither ZF- 
nor LF-/J.SR has been reported to date in Prlii3. 

i4ip r NMR in Prln 3 (Ref. |§) yields 2.3 ±0.3 /is -1 for 
the spin-spin relaxation rate I/T2, which is comparable 
to the value of v found in PrInAg2 as described above. 
But I/T2 increases with increasing temperature below 
4.2 K, whereas y« + motional narrowing is observed only 
above ~10 K. This discrepancy is not understood. 



IV. CONCLUSIONS 

Two features of the ZF- and LF-//SR results in 
PrInAg2 corroborate the conclusion of Yatskar et alB 
that the Kondo behavior of the low-temperature spe- 
cific heat in this compound originates from an unconven- 
tional Kondo effect associated with a nonmagnetic Pr 3+ 
T3 CEF ground state. First, the fact that the data show 
no magnetic anomaly between 100 mK and 10 K rules 
out both static magnetism and Kondo spin fluctuations 
associated with the degenerate Pr 3+ CEF ground state, 
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so that neither of these mechanisms can be responsible 
for the low-temperature specific heat anomaly. 

Second, the low-temperature muon-spin dynamics can 
be quantitatively understood in terms of nuclear mag- 
netism only; there is no sign of a Pr 3+ electronic magnetic 
moment. Furthermore, quantitative agreement is ob- 
tained only if the Pr nuclear magnetism is hypcrfinc- 
enhanced, which can occur only if the Pr 3+ CEF ground 
state is nonmagnetic. The experimental value of the 
/j, + - 141 Pr dipolar coupling is in good agreement with 
that calculated assuming hyperfine enhancement of the 
141 Pr nuclear dipole moment. In addition, the experi- 
mental estimate of the coupling between 141 Pr nuclei is 
about 3 times larger than the value calculated neglect- 
ing the indirect nuclear coupling which arises from hy- 
perfine enhancement. This strongly suggests the exis- 
tence of such an indirect mechanism; the required value 
of the electronic exchange interaction between Pr 3+ ions 
{Jei/ks ~ 0.19 K) is less than but comparable to that 
in similar Pr-based compounds with nonmagnetic CEF 
ground states. Both these results depend crucially on hy- 
perfine enhancement, and thus are evidence for the ab- 
sence of a Pr 3+ ground-state magnetic moment. We em- 
phasize that this electronic exchange should be taken into 
account in a complete theory of a nonmagnetic Kondo ef- 
fect in PrInAg2. 
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